The motivation for this study centres on the labour-and cost-intensive nature of wine grape production and the potential opportunities for robotic technology. The objectives of this study are to develop cost of production budgets for five representative wine grape vineyards in four USA states, assess the economic viability of wine grape production under current operating conditions, evaluate labour costs by production task, and identify common production challenges and tasks that could be augmented with robotic technology development. Investigators have worked with grower panels to develop a production budget for representative vineyards in four states, and to gather input on production tasks that the growers and technology developers feel would be most suitable for robotic technology. A stochastic simulation model was developed to assess baseline pro-forma financial statements for each vineyard size. Combined, the results help in exploring opportunities to strengthen vineyard profitability and competitiveness using robotics.
Introduction
In 2015, the USA produced an estimated 4.2 million tons of wine grapes. Wine grape acreage in the leading wine grape-producing states has increased from an estimated 521,000 acres in 2005 to 668,000 in 2014, an increase of 28%. There are approximately 25,000 wine grape vineyards in the USA (The National Association of American Wineries, 2014) . California led the USA in wine grape production with 3.7 million tons produced on 560,000 acres. Washington was the second leading state with 230,000 million tons on 48,000 acres, followed by Oregon with 65,000 tons (19,000 acres), New York with 143,000 tons, and Texas at 6th with 11,400 tons on 3,800 acres (NASS, 2015) .
Grapes are among the most intensively managed fruit crops, requiring a great deal of manual labour to complete many production tasks including vine training, pruning, canopy management, and harvest. For example, labour hour requirements for wine grape production in the USA can range from 80 to 250 hours per acre, depending on the production system, harvest method used, and geographic location. For comparison, established blueberry production (hand harvested) in Oregon uses approximately 115 labour hours per acre while strawberry production in California uses about 180 hours per acre (machine-aided harvest) (Julian et al., 2011; Daugovish et al., 2011) . Corn in Iowa and wheat in Texas can be produced with only 1 to 3 hours of labour per acre because the production process is fully mechanised (Plastina et al., 2016; Smith, 2015) . Scarcity of skilled labour has been identified as an increasing challenge for the grape industry and has constrained continued expansion (MKF Research, 2007) . A reduction in the availability of skilled labour generally leads to production quantity and quality issues, higher production costs, and decreased competitiveness in global markets. With a push for stricter border reform in the USA, there is cause for vineyards to be concerned about skilled labour availability and rising production and harvesting costs.
Machines have been developed to reduce most of the previous season's growth, remove leaves, position shoots, and thin fruit. However, these machines do not perform any of these tasks with the selectivity that many premium wine grape producers require.
Robotic technology has made significant contributions over the last decade and offers the potential to duplicate the efficacy of skilled human labour for vineyard tasks requiring selective activity. Today's industrial robots have dexterity, strength, reliability, speed and precision that is unparalleled by human workers. Wine grape production is primed for robotic technology as it faces a variety of production and labour issues that could affect long-term (LT) competitiveness. Mechanisation will be a key factor for achieving vineyard efficiencies within the production process, as robotics can potentially allow for selective pruning, thinning, training of vines and canopy, and crop estimation.
Data and methods
A representative farm panel process is a commonly used method for collecting farm-level data for research. For example, the Agricultural and Food Policy Centre (https://www.afpc.tamu.edu) at Texas A&M University maintains a database of agricultural operations representing major production regions of the USA that is used for farm policy research (afpc.tamu.edu). And, Menghi et al. (2011) used a representative wine grape vineyard panel process to assess farmers' costs of compliance with EU legislation.
Using a grower panel process, this project includes the development of five representative wine grape vineyard budgets in the following four states: Washington (1), New York (1), Oregon (1), and Texas (2). The panels consist of three to five wine grape growers from a major production region within each state. Using a consensus building process, each panel provided 2015 budget information for the size of the vineyard, wine grape variety produced, cost of production, fixed costs, budgeted yield, yield distribution, budgeted price and price distribution, equipment compliment and replacement strategy, other assets, and loan terms and balances. Labour costs for various production tasks are of particular interest. The panels also provided input on the production tasks that they feel would be the most useful in terms of new technology being developed. A follow-up web conference meeting was also held to allow the panels to review the budget, validate the financial statements, and recommend further clarifications regarding production tasks and the potential for new technology. Using a representative vineyard panel process has several advantages such as it allows for a face-to-face conversation with the panel members to obtain their expert opinion on the data that is most representative of the geographic area being studied. However, a limitation of this approach is that the data does not represent a random sample and therefore conclusions cannot be made across the broader population.
A description of selected production and financial characteristics for each representative vineyard can be found in Table 1 . Regarding deterministic yields, it is worth noting that the two Texas representative vineyards each had their own panel of growers. The growers on the 50 acre vineyard panel had a more aggressive production philosophy and use more intensive practices which are the reasons this vineyard has a higher deterministic yield than the 100 acre Texas vineyard (6 tons compared to 4 tons).
For all representative vineyards, land is owned and is financed with the beginning balance reflected in the LT debt balance in Table 1 . The land payment schedule has 20 years remaining with an interest rate of 5.5%. Establishment cost loans have 15 years remaining and are financed at 5.5%. The equipment loan balance has five years remaining at a 5% interest rate. Each vineyard takes an owner-operator cash withdrawal from the business as specified in Table 1 , except for Oregon because this vineyard was unable to generate adequate cash to support a cash withdrawal. A summary of the production cost budget for the representative wine grape vineyards is presented in Table 2 , which includes subtotals for the various production tasks by budget category. Oregon vineyards, which produce wine grapes for premium wines, face the highest costs due to substantial reliance on manual labour rather than automation. For example, canopy management is almost four times more expensive per acre in Oregon than in other states. As the smallest vineyard, Oregon may also lose economies of scale. With 250 acres, the Washington representative vineyard is the largest, and it had the lowest per acre costs. Total per acre costs for the Texas and New York vineyards were similar, although differences in regional production result in different allocations of spending across categories. 
Economic viability of wine grape production
To evaluate the economic viability of each representative vineyard using current production methods and technology, data from the representative budgets were used to develop a projected income statement, cash flow statement, and balance sheet to estimate financial outcomes over a ten-year projection period (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) . These baseline scenarios reflect the representative vineyards' current production and operating practices, projected over a ten-year planning horizon. Long-range, annual projections of inflation rate indices (Appendix Table A1 ) for input prices, labour costs, equipment prices, and interest rates by the Food and Agricultural Policy Research Institute (FAPRI) at the University of Missouri form the basis for vineyard expense projections (FAPRI, 2015) .
Stochastic simulation
While financial statements for a business, when presented in a deterministic mode, can provide useful information about a business or investment, this type of analysis is limited. Deterministic investment analyses that ignore risk provide only a point estimate of potential financial outcomes instead of estimates for probability distributions that show the chances of success or failure (Pouliquen, 1970; Reutlinger, 1970; Hardaker et al., 2004) . Monte Carlo simulation offers business analysts and investors an economical means of conducting risk-based economic feasibility studies for new investments and a non-destructive means of stress testing existing business under risk (Richardson et al., 2007) . Stochastic models are used to generate a large sample of economic outcomes that are dependent on a defined set of risky variables. A unique feature of stochastic simulation models is that there is an explicit recognition that the independent variables have some probability distribution around their means (Paggi et al., 2007) .
Richardson (2006) outlines the methodology for developing a simulation model for a production oriented business. The steps begin with defining the probability distributions for all risky variables, simulating the variables, and validating the simulation results. The stochastic values from the probability distribution are used in accounting equations to calculate production, gross revenue, expenses, cash flows, and balance sheet values for the business. Financial statement variables become stochastic by sampling stochastic values from the probability distribution. Finally, the stochastic model is simulated many times (500 iterations for example) using random values for the stochastic variables. The 500 samples provide information used to estimate empirical probability distributions for key output variables (KOVs) such as net cash income, net income, and ending cash reserves. This allows for evaluating the probability of success for a business. The stochastic model can also be used to analyse alternative management plans and/or investment strategies.
3 Monte Carlo simulation model for wine grape production A stochastic simulation model was developed to evaluate the viability of the five representative wine grape vineyards. The model consists of equations necessary to develop a projected income statement, cash flow statement, and a balance sheet. The financial statements are annual for a ten year projection period, 2015-2024. The model includes two risky variables -yield and price -and was developed using Simetar© (2011), a simulation add-in program designed for risk analysis in Microsoft ® Excel.
Stochastic variables
Stochastic variables in a Monte Carlo simulation model are variables the decision maker is unable to forecast with certainty. Such variables have two components: the deterministic component, which can be forecasted with certainty, and the stochastic component, which cannot be forecasted with certainty (Richardson et al., 2007) . To simulate stochastic yields and prices, a multivariate probability distribution was developed for each representative vineyard based on panel input. Similar simulation models have been developed and used by Falconer and Richardson (2013) , Outlaw et al. (2007) , and Richardson and Mapp (1976) to analyse proposed business and policy changes.
Stochastic variables in the wine grape model used in this study include annual prices for grapes, and annual yields (tons/acre). State-wide, historical annual grape prices from 2005-2014 were provided by the panels. The sources of these data are state wine grape grower associations, or the National Agricultural Statistics Service of the US of the Department of Agriculture's (USDA). Normally, state-wide average price data would not be representative of the price risk that an individual grower faces. However, after reviewing the price data, each grower panel confirmed that historical state-wide average price data is a good approximation of the historical price risk they have faced, with the exception of Washington. Due to the three year contractual arrangements for wine grapes in Washington, and the growers' past experience, the panel indicated that price risk is not a significant concern for growers. As a result, price in the Washington model is not treated as a stochastic variable. Also, per the panel's input, the deterministic price is increased by 3% every third year to account for typical price adjustments in the three-year contracts. For Oregon, the deterministic price is increased by 3% each year. For Texas, and New York, the deterministic price is the same each year.
Due to the lack of quality data for historical yields, each panel developed a yield distribution to represent the yield risk for their representative vineyard. Each distribution is comprised of yields (tons) per acre and the frequency of each yield where the frequency sums to ten. The price and yield distributions were used to estimate the parameters for the empirical distribution, and the stochastic variables were simulated using an empirical distribution.
The equations for the simulation model can be found in Appendix. Equations (A1) and (A2) in Appendix provide detail about how the random variables were simulated. Equations (A1) was simulated as an empirical distribution, defined by the fractional deviations from trend (S i ), and cumulative probabilities (F(S i )). Equation (A2) was simulated as an empirical distribution, defined by the fractional deviations from the mean (R i ), and cumulative probabilities (F(R i )).
Projected means for the stochastic variables over the 2015-2024 study period were the baseline price and yield for year one provided by the panel of wine grape producers for each given state. The baseline deterministic price and yield were held constant throughout the ten-year planning horizon for New York and both Texas representative vineyards, based on panel input. For Washington, the panel advised to increase the price by 3% every third year to take into account the three-year contract arrangements that are common there. For Oregon, the deterministic price is increased by 3% each year. The stochastic variables were simulated for 500 iterations.
Projected financial statements
Equations from the projected financial statements for a deterministic economic model comprise the majority of the equations for the Monte Carlo simulation model. The two stochastic variables in equations (A1) to (A2) were used as exogenous variables in the pro forma financial statement equations to incorporate risk into the model (Richardson et al., 2007) . The equations for income and expenses in the income statement, cash flow statement, and the balance sheet are summarised in Appendix as equations (A3) to (A58).
Income
Annual wine grape sales (A3) were computed by multiplying the stochastic grape price by the stochastic yield and wine grape acres. Texas and New York both have multi-peril crop insurance with 65% yield coverage and 100% price coverage, while Washington has catastrophic (CAT) coverage with 50% yield coverage and 55% price coverage. Crop insurance indemnity payments (A4) were calculated when the stochastic wine grape yield is less than the guaranteed yield [yield coverage percent × average production history (APH) yield]. The difference is then multiplied by the established grape price, which is specific for the wine grape variety and county where the representative vineyard is located; and wine grape acres. Land rental income (A5), which only applies to the two Texas vineyards due to irrigation water constraints in the area, was the product of the number of acres and the rental charge per acre.
1 Total income (A6) equals the sum of wine grape sales, crop insurance indemnity payments when applicable, and land rental income.
Expenses
All variable costs and cash overhead costs (A7) to (A31) were calculated using the base cost per acre provided by the panels, adjusted annually for the projected annual inflation rates (Appendix Table A1 ), and the number of acres.
Interest on the operating loan is based on the vineyards borrowing 100% of operating funds for one-half of the year. Operating loan interest (A32) was calculated using the annual interest rate, 50% of the year, and the number of acres. Operating interest costs also includes any interest on operating carryover debt incurred during the simulation. An annual intermediate loan equal to 50% of the total equipment assets was used for the analysis, and the intermediate loan payment and interest (A33) was calculated using the beginning equipment loan balance, interest rate, and five years remaining.
The beginning LT loan balance includes 75% of the land value, 50% of buildings value, and 50% of drip irrigation system value. LT loan payment and interest cost (A34) was derived using the LT beginning balance, interest rate, and 20 years remaining. The beginning vineyard establishment costs loan equals 30% of the total establishment costs, and the establishment loan payment and interest costs (A35) were calculated using interest rate, and 15 years remaining. Total interest cost (A36) is the sum of the interest costs for operating, intermediate, LT, and vineyard establishment cost loans.
Annual equipment depreciation (A37) was calculated using the total equipment costs and annual capital replacement, multiplied by the Modified Accelerated Cost Recovery System (MACRS) fractions for an asset with a seven-year life. Annual depreciation of the buildings (A38) was computed using the MACRS fractions for an asset with a 20-year life. Annual depreciation for the drip irrigation system (A39) was calculated using the MACRS fractions for an asset with a seven-year life. Annual depreciation for vineyard establishment costs (A40) was calculated using the MACRS fractions for an asset with a ten-year life. Total depreciation (A41) is the sum of the annual depreciation for equipment, buildings, drip irrigation system, and vineyard establishment costs.
Total expenses (A42) equal total variable costs plus total interest and depreciation. Net cash vineyard income (NCVI) (A43) was calculated as the total income minus total variable costs and interest. Net vineyard income (A44) was computed as NCVI minus depreciation.
Cash flow statement
The annual cash flows were calculated using equations (A45) to (A54). Total cash available (A45) equals NCVI (A43) plus any positive cash reserves from the previous year (A54). In the stochastic model, ending cash reserves can be positive or negative. Positive cash reserves are a cash inflow carried forward to the following year, while negative cash reserves are cash flow deficits that require carryover financing the next year (A49) (Richardson et al., 2007) . Cash outflows in the cash flow statement (A53) are the sum of cash vineyard expenses, principal portions of scheduled loan payments, any operating loan carryover, owner operator management withdrawals, federal income taxes, and self-employment and social security taxes. Ending cash reserves (A54) equals total cash available minus total cash outflows. If ending cash reserves is negative, cash is borrowed on short-term operating loan and is reported on the balance sheet as short-term carryover debt. If ending cash is positive the following year, it is used to pay down the short-term carryover debt.
Balance sheet
The value of total assets (A55) was computed annually using the estimated land value, remaining market value of equipment, and ending cash reserves. The projected value of land is adjusted each year based on the projected annual inflation rate for land values (FAPRI, 2015) . The market value of equipment declines at a rate equal to straight-line depreciation over the expected life, until it reaches its salvage value. Total liabilities (A56) equal the sum of remaining LT loan debt, intermediate loan debt, vineyard establishment costs loan debt, and any short-term loan debt. Nominal net worth (A57) was computed by subtracting total liabilities from total assets. To calculate real net worth (A58), nominal net worth was adjusted annually for inflation using an average inflation index based on projected inflation rates for farm inputs for by FAPRI (2015) .
Results
Results for the stochastic simulation analysis are presented in Table 3 for the two Texas, Oregon, Washington, and New York representative vineyards. The results include the annual mean values from the simulations for 2015-2024 for yield, price, total cash receipts, NCVI, net vineyard income, ending cash reserves, short-term carryover debt, and real net worth. The mean total cash receipts vary from $89,442 (Oregon) to $1.6 million (Washington) due to the wide range in vineyard size while the coefficient of variation is similar for each representative vineyard, ranging from 21.5% (Washington) to 27.3% (TX 50 ac). The mean results for the KOVs for each year are presented in Table 4 . Mean total cash receipts for all representative vineyards are relatively stable each year except for Oregon and Washington. The Texas 50 acre vineyard has a higher mean net vineyard income than the Texas 100 acre vineyard. This is mostly attributable production as the 50 acre vineyard has a 6 ton per acre deterministic yield, compared to 4 tons for the 100 acre vineyard. In 8 of the ten years in the planning horizon, Oregon has a negative mean net vineyard income. Washington, the largest vineyard at 250 acres, has a mean net vineyard income of $367,742 over the ten-year planning horizon. New York's mean net vineyard income is negative the first five years, turns positive the last five years, and has a ten-year average of $3,910. In terms of cash flow ability, all five representative vineyards have a positive mean ending cash reserves at the end of 2024. Washington has the highest at $2.1 million while Oregon has the lowest at $1,869. However, all the vineyards also show varying levels of mean short-term carryover debt at the end of 2024. The Texas 100 acre vineyard has the highest level of mean short-term carryover debt at the end of 2024 at $477,079.
For real net worth, the Texas 50 acre vineyard shows the highest mean change in real net worth (from beginning of 2015 to the end of 2024) with a 116% increase. Due to profitability and cash flow problems, real net worth for the Oregon vineyard declines 18% over the ten-year planning period. While the mean results for the KOVs in Tables 3 and 4 Following the work of Richardson et al. (2015) , the representative vineyards are considered to be in good financial position if their probability of having a cash flows deficit is less than 25%. Vineyards are considered to be in marginal financial position if the probability is between 25% and 50%, and poor financial position if the probability is greater than 50%. The probability of the Texas 50 acre vineyard (Figure 1 ) having a cash flow deficit ranges between 9.8% and 23.2% over the ten-year planning horizon, and indicates the vineyard is in good financial condition. For the Texas 100 acre vineyard (Figure 2) , NCVI declines over the ten-year planning horizon while the probability of having a cash flow deficit is on an increasing trend, ranging from 36.4% to 74.6% and is greater than 50% the last 4 years. This vineyard is in marginal to poor financial condition. The most significant factor leading to the vast differences in the results of the two Texas vineyards is yield. As explained in the Data and Methods section, the deterministic yields for the 50 and 100 acre Texas vineyards are 6.0 and 4.0 tons per acre, respectively. For the 50 acre vineyard, the increased revenue more than offsets the higher production costs ( Table 2) . The 100 acre vineyard does not generate enough cash flow to support its production expenses and debt service.
NCVI for the Oregon vineyard (Figure 3) is relatively flat over the ten-year planning horizon but is not at a level to cash flow the vineyard. The probability of having a cash flow deficit ranges between 74.2% and 96%, placing the Oregon vineyard in poor financial condition. The financial challenges for the Oregon vineyard stem from several factors. Oregon has the most labour intensive production system of any of the five vineyards with a labour cost of $3,953 per acre. The next highest labour cost is New York at $1,990 per acre. While the Oregon vineyard is producing a premium wine, its yield of 3.0 tons per acre and price of $2,600 per ton is not enough to support the labour, other production expenses, and debt service. The size of the Oregon vineyard, 10 acres, also makes it difficult to support its overhead costs. The panel members agreed with this assessment during the follow-up meeting with investigators, and indicated the vineyard needs assistance from the winery to make the operation viable.
With 250 acres, Washington is the largest of the five vineyards in this study. As such, it can spread its overhead costs over more acres. The vineyard also has the lowest cash costs ($3,065) and total costs ($5,696) per acre (Table 2) . Its production ability and price are at levels that generate a strong cash flow relative to its cost structure. Washington (Figure 4) generates a mean NCVI in the $600,000 to $700,000 range with variability around the mean ranging from slightly below zero on the low side, to $1.3 million on the high side. The probability of incurring a cash flow deficit is 15.4% or less each year, putting this vineyard in good financial condition.
At $1,990 per acre, New York has the second highest labour costs. New York also has the highest chemical and pest control costs at $800 per acre ( Table 2 ). The deterministic grape prices is $1,550 per ton, which is the lowest among the five vineyards in this study (three vineyards have a deterministic price of $1,600 per ton). These are contributing factors to the vineyard having difficulty generating enough income to support the cost structure, and service its debt. NCVI for New York ( Figure 5 ) is on a declining trend while the probability of having a cash flow deficit is increasing. The probability is 26.4% in 2015, and climbs each year but remains below 50% during the first 8 years. During the last two years, the probability climbs to 54% and 65%, respectively. This vineyard is classified as being in marginal financial condition, but it is at risk of being in poor financial condition.
Wine grape vineyard labour requirements and cost
In order to assess production tasks that may lend themselves to robotic technology development, labour usage and costs for each task was provided by the vineyard panels. Production tasks are performed by both field labour and equipment operator labour (primarily tractor drivers). The research team has developed a preliminary list of production tasks that have the potential for robotic technology. These tasks are grouped into several vineyard production task categories and are presented in terms of labour hours in Table 5 and labour costs in Table 6 . Washington, which relies on less labour than the other vineyards, has the lowest labour usage per acre (114.50) and labour cost per acre ($997.60), while Oregon has the highest labour usage per acre (250.5) and labour cost per acre ($3,953.00). There appear to be substantial potential labour savings from applying robotic technology to pruning and canopy management. Equipment operator hours are included in each category in Tables 5 and 6 . Considering the idea that unmanned tractors could potentially be new technology for vineyards, equipment operator hours -per acre and total for the vineyard -were summed and reported at the bottom of Table 5 while the associated costs is reported at the bottom of Table 6 . For those vineyards that rely more on mechanisation, like Washington, equipment operator hours and costs are a significant portion of total labour costs. Notes: 1 Equipment operator labour hours are not in addition to total vineyard labour hours (it is included in total vineyard labour hours). 2 For Oregon, all floor management practices occur during the growing season.
Table 6
Equipment operator and field labour costs by production task category for potential If new technology can be developed and made available commercially to growers, it would most likely carry a price that would necessitate a capital purchase whereby a grower would secure a loan, incur annual payments and interest cost, and the technology would be depreciated over several years. These types of decisions are usually evaluated using net present value (NPV) to compare the NPV of the cash outflows for using manual labour to the NPV of the cash outflows associated with purchasing new technology. To provide some insight into the NPV of projected labour costs for each production task (not categories) that could offer the potential for new technology; the ten-year projected labour costs for each task were discounted at a 5% discount rate. The resulting NPVs per acre for each task are presented in Table 7 which shows significant variation depending on the task, and representative vineyard. In general, the tasks with highest NPVs are finish spur pruning, cane pruning, tie canes, tie cordons, shoot positioning/green, and contract manual harvest.
Summary and conclusions
Representative wine grape grower panels in four states provided important input regarding wine grape production costs in their respective regions and production tasks that have potential to be automated with robotic technology. Under current production tasks and technology, Monte Carlo simulation model results indicate that two of the vineyards are in good financial condition, one is in marginal-to-poor financial condition, one is in marginal condition but is at risk of being in poor condition, and one is in poor condition. These results are an indication that most of the growing areas are in need of improved financial conditions that could potentially come from new technology. Equipment operator and field labour usage and cost data provided by the grower panels show a wide range across the representative vineyards with labour hours per acre ranging from 82.70 to 250.50, and labour costs ranging from $997.60 to $3,953.00 per acre. Equipment operator labour and costs alone is also significant, especially for those vineyards that rely more on mechanisation. The NPV of labour costs over ten years was presented for production tasks that may be conducive for robotic technology. For a producer of premium wine grapes, eight production tasks have a NPV of more than $2,000, ranging from $2,235 for tying canes to $5,587 for manual (hand) harvest. This analysis provides important insight for technology developers in identifying and prioritising the production tasks to focus on for new technology development, and for determining a price range to facilitate adoption by wine grape growers.
Objectives
The motivation for this study centres on the labour-and cost-intensive nature of wine grape production and the potential opportunities for robotic technology to augment those production tasks that are manual labour-intensive. The objectives of this study are to: 1 develop cost of production budgets for five representative wine grape vineyards in four USA states 2 assess the economic viability of wine grape production under current operating conditions 3 evaluate labour costs by production task 4 identify common production challenges and tasks that could be augmented with robotic technology development. 
